We report the first isoelectronic differential force measurements between a Au-coated probe and two Au-coated films, made out of Au and Ge. These measurements, performed at submicron separations using soft microelectromechanical torsional oscillators, eliminate the need for a detailed understanding of the probe-film Casimir interaction. The observed differential signal is directly converted into limits on the parameters α and λ which characterize Yukawa-like deviations from Newtonian gravity. We find α < ∼ 10 12 for λ ∼ 200 nm, an improvement of ∼ 10 over previous limits.
Although gravity was the first fundamental force to be understood, the quest to unify it with the other fundamental forces has remained elusive. One of the reasons is the apparent weakness of the gravitational interaction at small separations. Consequently, a significant number of experimental searches for new forces over ultra-short distances has been performed [1, 2, 3, 4, 5, 6, 7, 8, 9] . They have been stimulated by at least three different-but relatedmotivations:
(a) Some unification theories, incorporating n compact extra spatial dimensions with characteristic size R(n), predict deviations from Newtonian gravity over sub-mm scales [10, 11, 12] . Some extra-dimensional theories characterize the deviations by a Yukawamodified potential V (r) [10, 11, 12] ,
where V N (r) is the Newtonian gravitational potential for two point masses separated by a distance r ≫ R(n), and α and λ ∼ R(n) are constants. Thus, the extra-dimensional theories of Ref. [10] provide a parameter R(n), which for n > 1 is naturally small, and an associated constant α n which is relatively poorly constrained.
(b) String theory and other extensions to the Standard Model predict the existence of new light bosons such as dilatons, moduli, radions, cosmons, and bulk gauge bosons [11] .
The exchange of these massive particles leads to corrections to gravity as in Eq.
(1), with α ≫ 1 and λ, related to the boson mass m by λ = /mc, as large as a few microns. Hence, the limits on α may provide useful guidance in narrowing down the myriad possible models linking physics at very high energy scales to the much lower energy Standard Model.
(c) Theories in which these hypothetical new forces arise from an inverse-power potential,
An extensive review of such inverse-power-law forces has been given recently in Ref. [13] .
Existing limits on such forces, when parameterized as in Eq. A schematic of our set-up is shown in Fig. 1 
where G is the gravitational constant, R ∼ 50µm is the radius of the sphere, K s (K p ) is a term associated only with the layered structure of the sphere (plate), ρ s , ρ Cr , ρ Au , and The force sensitivity is improved if the measurements are performed at resonance, ω = ω o .
In this case, the minimum detectable force is dominated by thermal fluctuations,
, where k B is Boltzmann's constant. Consequently, it is necessary to measure the effect of ∆F hyp at resonance. ∆F hyp can be described as the product of a function of the separation e −z/λ and a function of the x−coordinate, the difference in the average mass density. Hence, we induced a vertical oscillation on the MTO such that the separation between the MTO and the sphere changed as z m = z mo + δz cos(ω z t), with z mo ≫ δz. We simultaneously moved the MTO along a direction parallel to its axis, such that the effective mass density under the sphere was ρ ef f = ρ + +ρ − Ξ(t), where ρ ± = (ρ Au ±ρ Ge )/2, and Ξ(t) is a square-wave function with characteristic angular period T x = 2πω
−1
x . At t = 0 the sphere is positioned over the MTO on the Au/Au half. The Casimir interaction leads to a shift of the resonance frequency of the MTO from its natural oscillation frequency f o to f r [17] . By selecting ω z + ω x = ω r , ∆F hyp has a Fourier component at ω r given by
where I 1 is a Bessel function of the second kind. F hyp (ω r ) is the only Fourier component with a significant signal-to-noise ratio, even though no parts in the system are moving at f r .
We selected f x = ω x /2π = ω r /140π = f r /70 ∼ 10 Hz. Consequently,
The phases of the different signals were chosen to simultaneously cross through 0 every t xr ≡ 70/f r (t xz ≡ 69/f z ) for the signals at f x and f r (f z ). The synthesized signal at f r was used as reference, see Fig. 2a . The amplitudes were adjusted to provide a peak-to-peak lateral displacement of D ≃ 150µm and a vertical amplitude that ranged between δz ≃ 10 nm at the closest separations to δz ≃ 50 nm at z mo = 500 nm.
For each resonant period of oscillation of the MTO, T r = 1/f r , ten equally spaced data points F d (t i ) were acquired, t i = iT r /10, i = 1, · · · , 10. Simultaneously, P(t i ) =
were determined. Averaging of F d , P, and Q was achieved by adding the signals for all different T r in the corresponding i = 1, · · · , 10 intervals. Furthermore, the summation over t i of P(t i ) (Q(t i )) yields the in-phase F p (quadrature indicating that the force is larger over either the Au or the Ge side of the composite sample, respectively. We assume that the forces measured correspond to either Θ = 0 or π [18] .
We calculated the force F(τ, z mo ) = F T (τ, z mo ) ± s N * (τ, z mo )t β,N * required to exclude, at the β = 95 % confidence level, any hypothetical force of the form given by Eq. (2). Here s N * (τ, z mo ) is the mean square error of F T (τ, z mo ), t β,N * is the Student's coefficient, and N * = 6 is the number of repetitions at τ = 2000 s. The + (-) sign is is used for the in phase (π out of phase) cases. Fig. 3 shows the asymptotic behavior F (τ = 2, 000 s, z mo ) for all samples. |F(τ = 2, 000 s, z mo )| decreases as z mo increases, but not exponentially, as expected from Eq. (3). Independently of the origin of F(τ = 2, 000 s, z mo ), however, the shaded region in Fig. 3 represents values of hypothetical forces excluded by our experiment.
Although F (τ = 2, 000 s, z mo ) = 0, we do not believe it originates from new physics.
As noted above, its z mo dependence is not exponential. More importantly, it changes sign depending on the sample under study, showing no correlation with the underlying Au and Ge layers. We therefore attribute its presence to the manifestation in the Casimir force of a change δz ′ ∼ 0.1 nm in z mo , i.e. z mo takes different values over the Au and Ge sides.
With the AFM characterization, the height difference between the two sides is not known to better than δz ′ ∼ 0.1 nm [19] . This translates into a residual Casimir force difference
We can, however, rule out other sources for the observed background: (i) A motion of the sphere in a direction not parallel to the MTO's axis was ruled out by performing the experiments without crossing the interface, and at different z mo . The uncertainty δy ∼ 3 nm in the motion of the sphere over the D = 150 nm excursion yields a ∼ 0.2 fN error.
(ii) Local differences in roughness yield an estimate for the residual force to be < ∼ 2 fN, while patch potentials [21] give a contribution The results shown in Fig. 3 can be used to obtain more stringent limits on hypothetical forces since these must be less than, or at most equal to, the observed background. The values of forces in the shaded region in Fig. 3 have been experimentally excluded. Furthermore, the Θ = 0 and Θ = π cases yield very similar absolute values for F . Hence, for a given z mo , we use the smallest |F(τ = 2, 000 s, z mo )| as the maximum allowed hypothetical force.
Using this value in the left-hand side of Eq. (3) we obtain an α(λ) curve. Repeating this procedure for different z mo we obtain a family of curves whose envelope provides the strictest limits arising from our experiments. This curve, together with previous results, is shown in Fig. 4 , which also shows the regions in λ, α phase space where different models predict the existence of new forces [22] . Our realization of a "Casimir-less" IET yields a ∼ 10-fold improvement (in the [30, 400] nm range) on existing limits for Yukawa-like corrections to
Newtonian gravity. This has significant consequences for models of moduli exchange, as proposed by supersymmetry, by further constraining the supersymetric parameters. We believe that our direct, improved experimental test at submicron separations will continue to motivate theoretical development for this range of separations. We also note that our experiment can be improved by gluing the sphere to the MTO and oscillating the test masses over it. By judiciously designing the test masses, most of the problems associated with the background can be removed. In this scenario, limits on α down to 10 6 can be achieved at separations z mo ∼ 100 nm.
We are deeply indebted to U. Fig. 2d . The upper (lower) hatched area is defined by the points with minimum absolute value of F (τ, z mo ) = F T (τ, z mo ) + s N * (τ, z mo )t β,N * (F (τ, z mo ) = F T (τ, z mo ) − s N * (τ, z mo )t β,N * ).
